Although there are several human studies of long-duration, high-tilt biphasic waveform defibrillation, the specific biphasic waveform shape required to achieve optimal DYT reduction is unknown.
Methods and Results. This study tested the effect of single capacitor biphasic waveform tilt modification on DYT using a paired study design in 18 patients undergoing nonthoracotomy defibrillator implantation. Baseline DYT was obtained using a 65% tilt, simultaneous pulse, bidirectional monophasic shock from a right ventricular cathode to a coronary sinus or superior vena cava lead and a subscapular patch. The single-capacitor biphasic waveform shocks, delivered over the same pathways, consisted of either both phases at 65% tilt (65/65 biphasic waveform) to produce an overall tilt of 88% and a delivered energy 11% greater than monophasic shock or both phases at 42% tilt (42/42 biphasic waveform) to produce an overall tilt of 66% and delivered energy equal to monophasic shock. The 65/65 biphasic waveform reduced stored energy DIE 25%, from 16.2±4.4 J with monophasic shock to 12.1±5.3 J (P<.02); however, it did not significantly reduce the delivered energy DYT. In contrast, the 42/42 biphasic waveform required 49%o less stored energy (16.2±4.4 J, monophasic shock, vs 83±33 J, biphasic waveform; P<.001) and 49%o less delivered energy (14.2±3.8 J, monophasic shock, vs 73±2.9 J, biphasic waveform; P<.001) than monophasic shock for successful defibrillation. The 42/42 biphasic waveform delivered energy DYT was 4.6±5.2 J (39%o) less than 65/65 biphasic waveform DYT (P<.002).
Conclusions. DYT reduction is an inherent electrophysiological property of biphasic waveforms that is independent of delivered energy. Overall biphasic waveform tilt and the relative amplitudes of the waveform phases are important factors in defibrillation efficacy. Defibrillation with a 42/42 biphasic waveform is more efficacious than 65/65 biphasic waveform defibrillation; however, the optimal biphasic waveform remains unknown. (Circulation. 1993; 88:2646 -2654 KEY WoRDs * defibrillation * death, sudden * defibrillators * waveforms
Although biphasic waveform defibrillation is generally regarded as more efficacious than monophasic waveform defibrillation, the optimal biphasic waveform shape has not been identified. Very limited information is available regarding application of biphasic waveforms for human defibrillation. In each of the human defibrillation studies to date, monophasic waveforms were compared with longer-duration, higher-tilt biphasic waveforms having a greater delivered energy for any given leading edge voltage.1-5 Results of these studies were reported only in terms of stored energy defibrillation threshold values, which fail to account for waveformdependent differences in the efficiency of stored energy delivery. Therefore, it is unknown whether the mechanism of biphasic waveform defibrillation threshold reduction in these studies was due to additional energy delivery by the Clinical trials of implantable biphasic waveform defibrillators are underway even though there are no data available regarding the optimal biphasic waveform for humans. The purpose of this study, therefore, was to investigate the separate effects of additional energy delivered during the second phase of a long-duration, high-tilt biphasic waveform from the intrinsic effects of the biphasic waveform itself. We hypothesized that a biphasic waveform reduces defibrillation energy requirements when compared with the monophasic waveform of equivalent delivered energy. We further hypothesized that biphasic waveform tilt influences defibrillation efficacy, with high waveform tilts adversely affecting defibrillation efficacy. To test these hypotheses, we evaluated defibrillation efficacy for three different waveforms using a paired study design in 22 consecutive patients undergoing nonthoracotomy defibrillator implantation. The waveforms tested were a standard 65% tilt monophasic, a biphasic with 65% tilt for each phase (88% overall tilt), and a biphasic with 42% tilt for each phase (66% overall tilt). Methods
Patient Population
Patients included in this study were referred to the Veterans Affairs Medical Center, Washington, DC, for therapy of medically refractory sustained monomorphic ventricular tachycardia or aborted sudden cardiac death. All subjects gave written informed consent for the device implantation protocols (Medtronic PCD NTL or Cardiac Pacemakers, Inc, PRx-ENDOTAK), which were approved by the institutional review board and committee for the protection of human subjects. The study population comprised 20 After patch placement and before any defibrillation threshold testing, individual pathway integrity and impedance (right ventricle to superior vena cava or coronary sinus and right ventricle to subscapular patch) were assessed by delivering a synchronous 0.6-J shock during sinus rhythm. Defibrillation waveform voltage, current, and impedance of all shocks were oscilloscopically monitored (model 5113, Tektronix, Beaverton, Ore) and recorded on film for analysis.
Defibrillation Threshold Testing
Single-shock defibrillation thresholds (DFT) were determined after 10 seconds of electrically induced ventricular fibrillation. An initial energy value of 18 J was used to initiate DFT testing. If 18 J failed to defibrillate, subsequent episodes were attempted at 21, 24, and 28 J until defibrillation was successful. Patients received 360-J transthoracic rescue shocks immediately after any unsuccessful defibrillation attempt. If the initial 18-J shock successfully defibrillated, subsequent episodes were performed using 15, 10, 5 and 2.5 J until defibrillation failed. All fibrillation-defibrillation episodes were separated by at least 5 minutes. The DFT was defined as the lowest energy that resulted in successful defibrillation. Monophasic waveform DFT was determined first in all patients in order to establish successful device implantation criteria (DFI c25 J for PRx/ENDOTAK or DFT s18 J for PCD/Transvene) before biphasic waveform testing. The order in which the two biphasic waveform DFTs were tested was randomized to prevent the possibility of outcome bias due to time dependent changes of DFT. The initial biphasic waveform energy tested was established at the previously determined monophasic waveform defibrillation threshold. A protocol identical to that described for monophasic waveform testing was used for both biphasic waveforms. Important features of the three tested waveforms are shown in Fig 2. The monophasic waveform (panel A) had an overall tilt of 65%. This waveform was directly compared with the 65/65 (panel B) and 42/42 (panel C) biphasic waveforms. The 65/65 biphasic waveform delivered 11% more energy than the 65 monophasic for any given leading edge voltage or stored energy setting, whereas the 42/42 biphasic and 65 monophasic waveforms delivered equivalent energies for any given leading edge voltage or stored energy value. Defibrillation pulses were derived from the asynchronous discharge of a 120-,uF capacitor (model 2394, Medtronic).
Statistical Analysis
Defibrillation threshold data are reported as mean+ 1 SD. Because of the nonparametric distribution of data, waveform-dependent differences in defibrillation threshold were sought using Friedman's repeated measures ANOVA on ranks. Student-Newman-Keuls pairwise multiple comparisons of the 65 (Fig 3) . Defibrillation threshold was reduced by the 65/65 biphasic in 12 of 18 patients, whereas no effect was noted in 5 patients and threshold was higher in one. The 42/42 biphasic waveform reduced defibrillation threshold 49%, from 16 (Fig 7) , and 39% lower than the 11.9+5.2 J 65/65 biphasic threshold; n= 18, P<.002 (Fig 8) lation threshold for pulse width durations increasing from 2 to 20 milliseconds. The study of Bourland et al is the only investigation to evaluate the independent effects of monophasic waveform tilt and pulse duration on defibrillation energy requirements. Chapman et a18 noted optimal monophasic waveform nonthoracotomy defibrillation in canines at pulse widths between 7.5 milliseconds (52% tilt) and 15 milliseconds (77% tilt). In a study of epicardial canine defibrillation, Feeser et a19 demonstrated significant increases in defibrillation energy requirements as single capacitor biphasic waveforms were prolonged beyond one time constant in duration, producing overall tilts greater than 63%. This increase in defibrillation energy requirements was reversed with low-tilt, equiduration biphasic waveforms. A marked decay in biphasic waveform defibrillation efficacy was also noted with greater biphasic waveform tilt in the studies of Tang et al. 10 In those studies, defibrillation energy requirements increased as waveform duration was increased from one to two time constants. Although the effect of biphasic waveform defibrillation energy reduction was present for waveforms as short as 0.25 time constants, increases in peak voltage and current requirements were noted for pulses less than 0.87 time constants in duration. Waveform features other than pulse duration and tilt may also affect defibrillation energy requirements. One such feature is the ratio of leading edge amplitudes for the first and second phases of the biphasic waveform. Although there are no human data to compare with our results, several animal studies have demonstrated a pronounced effect of phase amplitude ratio on biphasic waveform defibrillation efficacy. In a study of defibrillation in 100-kg calves, Schuder et all' noted a 30% increase in defibrillation efficacy when the phase amplitude ratio was increased from 0.25 (phase 2 leading edge amplitude equals one fourth of phase 1 leading edge amplitude) to 0.5 for biphasic waveforms between 4 and 16 milliseconds in total duration. More recently, Kavanagh et al12 reported lower voltage and energy defibrillation thresholds for single capacitor biphasic waveforms (phase amplitude ratio <1) as compared with a two-capacitor waveform with equal first-and second-phase amplitudes. Dixon et al13 also found significantly higher defibrillation energy requirements for a two-capacitor biphasic waveform having a secondphase to first-phase ratio of 2 when compared with a single-capacitor exponential biphasic waveform of equal duration. The effect of second-phase amplitude variation from 0.2 to 1.4 times the first-phase, leading edge amplitude was extensively explored by Feeser et a19 using an epicardial delivery system in canines. A bimodal effect of phase amplitude ratio variation was identified, with optimal defibrillation occurring when the second-phase, leading edge amplitude was 60% of the first-phase leading edge. Although only limited conclusions may be drawn from the present study regarding the effect of biphasic waveform phase amplitude ratio, the differential efficacy of 65/65 and 42/42 biphasic waveforms correlates well with animal models. The 42/42 biphasic, with a 0.58 second-phase amplitude to first-phase amplitude ratio, reduced defibrillation energy requirements 39% as compared with the 65/65 biphasic waveform with a 0.35 phase amplitude ratio. us . 5 Further investigation of the effect of biphasic waveform phase amplitude ratio in humans is required.
Design of the optimal biphasic waveform for defibrillation is a complex process based on many factors. The rationale for choosing a specific biphasic waveform to optimize human defibrillation must be based on a firm knowledge of defibrillation mechanisms. Early theory suggested that defibrillation is based on the excitation and depolarization of a critical mass of tissue.14 In accordance with this hypothesis, specifically shaped biphasic waveforms known to reduce defibrillation energy requirements also reduce energy requirements for refractory period cellular stimulation and for cellular stimulation in conditions of high potassium and rapid pacing.15-'7 However, recent studies of short-duration monophasic and biphasic waveforms demonstrated a dissociation of biphasic waveform defibrillation threshold reduction and refractory period response generation. 18 The ability to dissociate these two phenomena suggests that additional factors must influence defibrillation outcome. Factors such as fibrillation reinduction, transient conduction block within regions of high-voltage gradient, and prolongation of repolarization have been studied recently as important phenomena affecting defibrillation.19-24 Although these and other studies have provided some insight, until the mechanisms of biphasic waveform defibrillation are completely understood, identification of the optimal biphasic waveform for human defibrillation will remain largely a trial and error process.
Study Limitations
Conclusions of this study are based on single-shock defibrillation threshold values. Although use of the defibrillation threshold as a measure of defibrillation efficacy implies a distinct energy cutoff for defibrillation success, defibrillation is a probabilistic phenomenon. The limitations and relation of defibrillation threshold as a measure of defibrillation efficacy to the more correct method of dose-response curve generation were studied and reported by McDaniel et al. 25 Generation of defibrillation dose-response curves requires numerous fibrillation-defibrillation sequences at each energy level tested. When multiple waveforms are being compared using a paired study design, the number of sequences required to construct dose-response curves for each waveform becomes prohibitive and may compromise patient safety. Despite the inherent limitations, use of a defibrillation threshold to assess waveform effects on defibrillation efficacy has been found to be a useful clinical tool. Davy et a12-found defibrillation threshold to correlate with the energy required to achieve a 71±26% defibrillation success rate in a study of openchest dogs. Similar results were reported by Rattes et al,27 who found defibrillation threshold equivalent to the energy required to achieve a 76+7% defibrillation success rate in a study of open-chest pigs.
Although 42/42 biphasic waveform defibrillation was more efficacious than 65/65 biphasic defibrillation in this study, the 42/42 biphasic is not necessarily the optimal biphasic waveform for human defibrillation. Identification of a single optimal waveform for defibrillation may not be possible. The highly variable cardiac structure and function encountered in clinical practice make it unlikely that a single and specific defibrillation waveform will be most efficacious in all patients under all circumstances. Further, greater 42/42 biphasic waveform defibrillation efficacy, as found in this study, may not be a universal finding for all defibrillator lead systems. Additional investigation of short-duration biphasic waveform defibrillation is required to confirm the findings of this study and to fully define the effects of lead system configuration on biphasic waveform defibrillation.
Clinical Implications
The results of this study suggest that biphasic waveform defibrillators currently under investigation may not provide the optimal waveform. Until the optimal biphasic waveform features are identified, waveform parameters such as tilt, phase amplitude ratio, and phase durations should be programmable to permit defibrillation optimization in individual patients.
